Introduction
Vibrio vulnificus is a gram negative, rod shaped marine bacterium that is motile with flagella and known as an opportunistic and highly invasive human pathogen. The bacterium frequently causes gastroenteritis and life-threatening septicemia via intake of raw or under-cooked seafoods, and also via wound infection by seawater [1, 2] . Septicemia causes various symptoms of fever, chills, nausea, hypotensive septic shock, tragic secondary lesions on extremities of patients [3] , and leads immunocompromised patients or individuals with basal liver disease to high mortality over 50% [4] .
V. vulnificus can undergo two life cycles, one in the host and the other in aquatic environment via multistage process of invading and escaping the host. First, it needs to be ingested at a dose high enough to overcome host immune defense, secondly express virulent factors, Vibrio vulnificus needs various responsive mechanisms to survive and transmit successfully in alternative niches of human and marine environments, and to ensure the acquisition of steady energy supply to facilitate such unique life style. The bacterium had genetic constitution very different from that of Escherichia coli regarding metabolism of glycogen, a major energy reserve. V. vulnificus accumulated more glycogen than other bacteria and at various levels according to culture medium and carbon source supplied in excess. Glycogen was accumulated to the highest level in Luria-Bertani (3.08 mg/mg protein) and heart infusion (4.30 mg/mg protein) complex media supplemented with 1% (w/v) maltodextrin at 3 h into the stationary phase. Regarding effect of carbon source, more glycogen was accumulated when maltodextrin (2.34 mg/mg protein) was added than when glucose or maltose (0.78−1.14 mg/mg protein) was added as an excessive carbon source to M9 minimal medium, suggesting that maltodextrin metabolism might affect glycogen metabolism very closely. These results were supported by the analysis using the malP (encoding a maltodextrin phosphorylase) and malQ (encoding a 4-α-glucanotransferase) mutants, which accumulated much less glycogen than wild type when either glucose or maltodextrin was supplied as an excessive carbon source, but at different levels (3.1−80.3% of wild type glycogen). Therefore, multiple pathways for glycogen metabolism were likely to function in V. vulnificus and that responding to maltodextrin might be more efficient in synthesizing glycogen. All of the glycogen samples from 3 V. vulnificus strains under various conditions showed a narrow side chain length distribution with short chains (G4−G6) as major ones. Not only the comparatively large accumulation volume but also the structure of glycogen in V. vulnificus, compared to other bacteria, may explain durability of the bacterium in external environment. and finally control exit from the host to facilitate transmission to the environment [5, 6] . A previous study on V. cholerae reported that the pathogen survived in nutrient rich human hosts and nutrient poor aquatic environments successfully [7] . V. cholerae might extend opportunity for survival by forming biofilm and utilizing chitin in aquatic environments, while it would colonize on the surface of small intestine and secrete cholerae toxin (CT) to cause diarrhea for exit from the host [7, 8] . V. vulnificus as well as V. cholerae would encounter various challenges such as shifts in osmolality, pH, and temperature as well as limitation of crucial nutrients such as carbon, nitrogen, or phosphate source due to dramatic changes during the life cycles [5, 7] . However, cellular or genetic changes leading V. vulnificus to overcome transition between the human host and aquatic environment successfully have not been elucidated clearly yet, especially regarding the role of glycogen metabolism in that matter.
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Glycogen, one of the most common energy sources for various organisms, is consisted of glucose residues linked mainly by α-1,4-glucosidic linkages (90%) and by α-1,6-glucosidic linkages (10%) at every branch points [9] . Bacteria accumulate glycogen when limitation of nitrogen or phosphate source affects their growth in the presence of excess carbon source [10] . Studies on glycogen metabolism have revealed that glycogen might have crucial functions in regulating life cycles or virulence in bacteria. Glycogen reservoir in V. cholerae was reported to be very important in successful transmission between host and environment, ensuring prolonged survival in the latter [8] . Moreover, bacterial glycogen with shorter average chain length (ACL) had slower breakdown rate and enhanced bacterial durability [11] . Therefore, both amount as well as structure of glycogen in bacteria would be important for the survival of bacteria.
Many genes are involved in bacterial glycogen metabolism and have been investigated most widely for those in Escherichia coli: glgA (glycogen synthase), glgC (ADPglucose pyrophosphorylase), and glgB (glycogen branching enzyme) are for glycogen synthesis; glgX (glycogen debranching enzyme) and glgP (glycogen phosphorylase) for glycogen degradation [12] . Investigations on the glg-BXCAP operon revealed differential regulations on these genes during growth under various conditions for synthesis and utilization of glycogen in the bacterium [13] . Constitution of these genes was variable among bacteria, affecting their capacity of glycogen metabolism and persistence in nature. In V. cholerae, induction of the malPQ-glgB operon and the glgX gene was detected in human intestine, while glgX was repressed in the bacteria shed via rice-water stool [8, 14] .
Genes for maltose/maltodextrin metabolism are also involved in glycogen metabolism to form multiple pathways for it in E. coli [15] . Maltose and short maltodextrins entering the cells are hydrolyzed to glucose from the reducing ends by a 4-α-glucanotransferase encoded by malQ. MalQ transfers the remaining enzyme bound dextrinyl residue to the non-reducing ends of other maltodextrins, forming longer maltodextrin chains [16] . Then, resulting larger maltodextrins are linked to glycogen molecules by GlgB to form branch points. A maltodextrin phosphorylase encoded by malP removes glucose from non-reducing ends of maltotetraose and longer maltodextrins and phosphorylate it to form glucose-1-P for the glycolysis pathway. These genes, therefore, make link between glycogen metabolism and glucose/maltose/ maltodextrin metabolisms.
Genetic make-up of these genes in V. vulnificus is unique in that the bacterium has two glgC genes, each on chromosome I, II and the malPQ are closely linked to glgB (Fig. 1) . Only one phosphorylase, MalP (VVMO6_ 03056), was annotated regarding maltodextrin utilization in the bacterial genome, having 69.1% (53.9%) and 62.5% (44.4%) homology (identity) to E.coli MalP and GlgP, respectively. V. vulnificus MalQ shared 64.8% (47.5%) homology (identity) with that of E. coli. MalP and MalQ of V. vulnificus were larger than those of E. coli by 20 and 32 amino acids, respectively, with more variance at the amino terminus. Previously, malPQ were reported that they were related to metabolism of maltose in V. vulnificus [17] . These indicated that V. vulnificus might have unique glycogen metabolism pathways or regulatory systems more closely linked to maltodextrin metabolism rather than maltose metabolism, which remained to be elucidated further.
In this study, we report investigation on glycogen metabolism in V. vulnificus by analyzing glycogen accumulation in the bacterium under various growth conditions. Also, roles of the malP and malQ genes in glycogen metabolism were examined by using knock-out mutants. Structure of the glycogen molecules synthesized by the bacterium was examined by analyzing side chain length distribution. The results obtained in this study would provide information for understanding the life cycle and monitoring the transmission of this pathogen in nature.
Materials and Methods

Strains and culture conditions
Vibrio vulnificus MO6-24/O, a clinical isolate, and its mutants were provided by Prof. SH Choi, Seoul National University (Korea). They were generally cultured at 37℃ in Luria-Bertani broth [LB; 1% (w/v) tryptone, 0.5% (w/v) yeast extract, and 2% (w/v) NaCl; Difco, USA] with shaking (200 rpm). M9 minimal medium [0.6% (w/v) Na 2 HPO 4 , 0.3% (w/v) KH 2 PO 4 , 2.0% (w/v) NaCl, 0.1% (w/v) NH 4 Cl, 0.1 mM CaCl 2 , 0.2% MgSO 4 , 0.5% (w/v) carbon source]. Heart-infusion broth [HI; 1% (w/v) beef heart infusion, 1% (w/v) tryptose, 2.0% (w/v) NaCl] as well as LB and M9 minimal medium containing various carbon sources were used for glycogen analysis. For agar plate analysis, 1.5% (w/v) agar was added to each medium.
Iodine vapor test
Glycogen accumulated in the bacterium was visualized by the iodine vapor test [18, 19] . The cells were cultured on LB, HI, or M9 minimal agar plates containing 1% (w/v) glucose, maltose, or maltodextrin for 24−48 h at 37℃ before they were stained with iodine vapor. The cell patches formed on the plates were stained by placing the plates upside down on a beaker containing potassium iodine solution [2% I 2 (w/v), 0.4% KI (w/v)] for 1 min under a fume hood.
Extraction and quantitation of glycogen
V. vulnificus was cultured in an appropriate medium (500 ml) at 37℃ with shaking (200 rpm) until the culture reached late exponential growth phase and 1% (w/v) maltodextrin (DE=10; Daesang Co., Korea), glucose, or maltose was added as a carbon source to enhance glycogen accumulation. Then, an aliquot of each culture (50 ml) was taken at every 2 h from the time point of adding maltodextrin. The cells were harvested by centrifugation at 6,000 ×g (Supra22K, Hanil, Korea) for 10 min and washed with 5 ml of ice-cold water. Each cell pellet was resuspended in 2.5 ml of 50 mM sodium-acetate buffer (pH 4.5) and vortexed. The resuspension was boiled for 10 min and sonicated on an ice bath (Sonoplus ultrasonic homogenizer HD2070, Bandeln, Germany: output 5 min × 2 times, 50% duty). The crude cell extract was centrifuged at 10,000 ×g for 20 min at 25℃. Glycogen in the supernatant was precipitated by adding 2 volumes of ethanol. Precipitated glycogen was isolated by centrifugation at 10,000 ×g for 20 min at 4℃ and the supernatant was removed before air-dry. Dried glycogen was resuspended in 1 ml of sterile distilled water and stored at -20℃ until use for further analysis [20] .
The amount of glycogen isolated from V. vulnificus was determined using the anthron-sulfate method [21] . Fifty microliters of each sample were mixed with 10× volumes of a solution [84% (v/v) sulfuric acid containing 0.7% (w/v) anthron] and was incubated in an oven set at 110℃ for 10 min. After cooled down to room temperature, absorbance of the reaction was measured at 595 nm using a spectrophotometer (Ultrospec 2000, Pharmacia Biotec, USA) and the amount of glycogen was determined by extrapolating the OD values to a standard curve prepared using pure glycogen (Sigma, USA).
Side chain length analysis
To analyze structure of glycogen by determining lengths of branches, glycogen isolated from the bacteria was hydrolyzed using an isoamylase (0.4 U/mg of substrate; Hayashibara Biochemical Laboratories Inc., Japan) in 50 mM sodium acetate buffer (pH 4.3) at 60℃ for 60 h [20] . The reaction mixture was boiled for 10 min to stop the debranching reaction before centrifuged at 12,000 ×g for 10 min and filtered using a membrane (0.45 μm, Millipore, USA). The pre-treated samples were analyzed by high performance anion exchange chromatography (HPAEC; Dionex DX-500 system, USA) equipped with a pulsed amperometric detector (ED40, Dionex, USA) and a CarboPac PA-1 column (4 × 250 mm, Dionex, USA). Samples or standard markers (G1−G7) were injected and eluted with a gradient of 0−60 mM sodium acetate (pH 4.3) in 0.15 M NaOH at a flow rate of 1.0 ml/min : a linear gradient of 10−30% for 0−10 min, 30−40% for 10−16 min, 40−50% for 16−27 min, 50−60% for 22−44 min, and 100% for 44−60%.
Results and Discussion
Effect of culture medium and carbon source on glycogen accumulation
As an effort to detect glycogen accumulation in V. vulnificus, the bacterium was cultured on various agar plates (M9 minimal medium, LB, or HI) supplemented with an excessive carbon source (glucose, maltose, or maltodextrin; 1%, w/v) to enhance glycogen synthesis. Cell patches formed on the agar plates were stained by iodine vapor at various degrees according to the amount and the structure of glycogen accumulated in the cells under each growth conditions (Fig. 2) . Cells stained to dark brown illustrated more glycogen accumulation with more branches, while those stained to light brown or not stained represented poor or no glycogen accumulation, respectively [18, 19] . V. vulnificus was stained to the darkest color on the agar plates supplemented with maltodextin and the lightest in the presence of glucose generally, suggesting that each carbon source might affect glycogen metabolism in the bacterium via stimulating certain metabolic pathway(s). This implied that transport and catabolism of maltodextrin in V. vulnificus were likely to be very closely linked to glycogen synthesis. Interestingly, among the media used for the agar plate assay, the cells on HI agar plates were stained to the darkest color regardless the type of carbon source supplemented in an excess amount. The cells were stained darker brown and red brown in the presence of maltose and maltodextrin, respectively, implying difference in structures of glycogen molecules formed under the two conditions. This could be due to the difference in the pathways for glycogen synthesis when the two different carbon sources were supplied, which remained to be elucidated. It is not clearly understood why HI medium supported accumulation of glycogen of the bacterium better than LB medium either, even though both were complex rich media. This could be due to the difference in the composition of nutrients or in the growth rate of V. vulnificus cultured in these media, implying that the metabolism is modulated by various factors in and outside of the bacterium. The results from the iodine vapor staining assay do not simply represent quantitative glycogen accumulation, but combined effect of amount and structural characteristics of the molecule. Therefore, quantitative analyses of glycogen were carried out for better understanding of glycogen metabolism in V. vulnificus under various culture conditions.
Accumulation of glycogen during the course of growth in V. vulnificus
Accumulation of glycogen in the wild type (WT) V. vulnificus strain was monitored more in detail and analyzed quantitatively by time-course assay using various culture media and under various culture conditions. First, glycogen accumulation in V. vulnificus WT was monitored using complex media (LB and HI) and maltodextrin as an excess carbon source, which caused the most significant accumulation of glycogen in the agar plate assay. When no additional carbon source was added to the media, the bacteria began to accumulate glycogen during exponential growth phase and the amount was kept almost constant during the rest of the culture period (Fig. 3) . However, accumulation of glycogen was boosted upon the addition of excessive amount of maltodextrin (1%, w/v) during the exponential growth phase and was kept increasing for 8 h. The bacterial growth itself was not affected by the excessive carbon source, indicating that other growth factor(s) was limited under the conditions. At each time point analyzed further, more glycogen was accumulated when the cells were cultured in HI medium than in LB medium (Fig.  3) . Taking the growth rate of each culture into account, glycogen levels began to increase as the growth rate decreased and reached the highest level at the 3 h into stationary phase. Continuous increase in glycogen accumulated in the cultures supplied with an excessive carbon source or maintenance of glycogen amount in the cultures without supply of an excessive carbon source indicated that the molecule was not used readily.
The growth rate and cell cycle dependent accumulation or degradation of glycogen have been reported for yeast and Mycobacterium smegmatis [22, 23] . Glycogen is known to be accumulated in E. coli and Aerobacter aerogenes when excessive carbon source is available but other growth factors such as nitrogen and/or phosphate is limited [24, 25] . Also, in V. cholerae, insufficient concentration of nitrogen led bacteria to accumulate more glycogen up to ~15 folds [8] . V. vulnificus could accumulate more glycogen than E. coli and Bacillus subtilis by about 10 to 20 folds when cultured in LB supplemented with excessive maltodextrin (1%) during exponential growth phase [20, 26] . This could be due to unique genetic make-up of the genes related to carbohydrate and sugar metabolism in V. vulnificus, which has to face two significantly different environments to survive.
Effects of carbon source on glycogen accumulation
Secondly, effects of carbon source on glycogen accumulation in V. vulnificus WT were examined using M9 minimal medium supplemented with 0.5% (w/v) glucose, maltose, or maltodextrin at the beginning of cultivation and then each carbon source was added in extra (1%, w/v) at the 6 h of cultivation (Fig. 4) . When glucose or maltose was added as the excessive carbon source, glycogen accumulation of the bacterium was poor. On the other hand, when maltodextrin was added to the culture in excess, glycogen began to be accumulated at the mid-exponential growth phase to the amount much higher than those from the culture with glucose or maltose and reached the highest level at the 14 h of cultivation (Fig. 4) . Therefore, maltodextrin taken up into the V. vulnificus cells induced the synthesis of glycogen much more efficiently than glucose or maltose under the conditions investigated, implying that the bacterium might have glycogen metabolism pathways different from those of E. coli.
Otherwise, related enzymes such as MalP and/or MalQ might have activity or substrate preference different from those of E. coli. Previous studies on glycogen metabolism in E. coli revealed that both maltose and maltodextrin contributed more to the glycogen accumulation than glucose by inducing the maltose utilization system [20] . On the flip side, glucose might turn off the maltose system via catabolic repression. Based on the results obtained in this study, V. vulnificus seemed to prefer maltodextrin to glucose or maltose in synthesizing glycogen, suggesting that synthesis of glycogen might be closely related to the maltodextrin metabolism. Furthermore, the results correlated well with those obtained by the agar plate assays (Fig. 1) . In E. coli, maltose and maltodextin metabolisms are known to be mediated by the malPQ operon [20] . Since there was no gene annotated as glgP in the genome of V. vulnificus, MalP might function as a phosphorylase for maltose, maltodextrin, and glycogen in the bacterium. Presence of a single phosphorylase might be responsible for accumulation of more glycogen than other bacteria by limiting utilization of the molecule in V. vulnificus.
Effects of the malP and malQ genes on glycogen accumulation
Since maltodextrin seemed to be a very important carbon source causing accumulation of glycogen to the highest level in V. vulnificus under the conditions examined in this study, effect of the genes related to the metabolism of maltodextrin was investigated using the malP and malQ mutants. Previously, malP and malQ were reported to be essential for the growth of V. vulnificus with maltose as a sole carbon source [17] . However, no information on the function of malP or malQ regarding maltodextrin and glycogen metabolism in V. vulnificus has been documented.
Accumulation of glycogen in the V. vulnificus mutants, malP − and malQ − , was analyzed quantitatively and compared with that in WT by culturing in HI complex medium or M9 minimal medium for 14 h at 37℃, using glucose or maltodextrin as an excessive carbon source. The two mutants accumulated much less amount of glycogen than the WT strain in HI medium (10.4−15.0%) and almost none in M9 minimal medium (3.1−4.0%) when the cultures were supplemented with 1% (w/v) maltodextrin (Fig. 5) . In the M9 minimal medium, the mutants showed very poor growth since they could not use the carbon source efficiently. The malQ mutant affected glycogen accumulation slightly more than the malP mutant in both media, implying that glycogen was probably utilized by MalP that might function as GlgP, a glycogen phosphorylase, in V. vulnificus. This suggested that the malP and malQ genes probably be involved in the utilization of maltodextrin, which was closely related to glycogen metabolism in V. vulnificus. Previously, inactivation of the malQ gene was reported to inhibit secretion of cholera toxin and to reduce production of the mannose-sensitive hemagglutinin and the soluble hamagglutinin-protease in V. cholera [27] . This indicated that glycogen metabolism might have inter-relationship with other regulatory systems in bacteria.
Glycogen accumulation in V. vulnificus was also impaired in both media supplemented with 1% (w/v) glucose, but not as significant as those in the media supplemented with maltodextrin (Fig. 5) , suggesting that the genes are somehow involved in glycogen accumulation caused by excessive glucose, too. Again, maltodextrin was the more effective carbon source than glucose for glycogen accumulation in the bacteria in all the cases. This could be due to glucose directly linked to glycolysis for energy generation and exerting catabolite repression on the maltodextrin metabolism. In the presence of excessive glucose, glycogen is synthesized via only the glucose dependent pathway, while both glucose dependent and maltodextrin dependent pathways contribute to glycogen accumulation in the presence of excessive maltodextrin. Therefore, maltodextrin degradation and disproportionation might be a more efficient way to increase glycogen in the bacterium. However, these results on glycogen metabolism in V. vulnificus was totally in opposite with those in E. coli, which accumulated more glycogen in the malP mutant with excessive glucose, maltose, and maltodextrin than WT; in the malQ mutant, more glycogen accumulated with glucose and maltodextrin but none with maltose [20] . In E. coli, the malQ mutant could not grow on maltose but could grow on longer maltodextrins such as maltoheptaose due to the action of MalP releasing glucose-1-P, while E. coli lacking MalP could grow on maltose and short maltodextrins [28] . Therefore, these genes seemed to be related to maltose and maltodextrin utilization of E. coli in a coordinative manner [21] .
Based on the results, V. vulnificus seemed to have multiple routes for the synthesis and utilization of glycogen, which are unique to the pathogen. Especially, utilization of maltodextrin by MalP and MalQ in V. vulnificus might be related to accumulation of glycogen more closely than in E. coli. When compared with WT, malP − and malQ − could accumulate much less glycogen when glucose was added as an excessive carbon source. The malP and malQ mutants could not utilize glucose appropriately for glycogen synthesis even though glucose generally could be used easily than longer malto dextrins. 
Structure of glycogen accumulated in V. vulnificus
Utilization of stored glycogen is very closely related to the survival of bacteria under limiting growth conditions and greatly dependent on the structure of the molecule. Glycogen molecules take globular shape by forming branches of maltodextrins via α-1,6-glycosidic linkage. Bacterial glycogen molecule may have 12 tiers of side chain branches with average chain lengths of 7−12 glucose units [15] . Glycogen with short average chain length has been known to be degraded very slowly and lead to longer survival under starvation conditions [12] . The structure was likely to be dynamically modulated according to the ever changing intra-cellular energy flux and availability of nutrients.
As an effort to elucidate the structural characteristics of glycogen synthesized by V. vulnificus, side chain length distribution of the molecules in the WT, malP − , and malQ − strains was analyzed under various culture conditions ( Fig. 6 and 7) . The glycogen samples were treated with isoamylase before they were subjected to HPAEC. First, change in the side chain length of glycogen was monitored during the growth of the WT strain using LB broth supplemented with 1% (w/v) maltodextrin at the 6 h of culture. No side chain released from the core chain by isoamylase was detected in glycogen extracted from the cells before the addition of maltodextrin (Fig. 6C) . However, side chains with various lengths began to be detected in 2 h of maltodextrin supplementa- tion ( Fig. 6D−F) . The range of side chain length distribution was narrower and the lengths of major side chains were shorter than glycogen from E. coli and B. subtilis [21, 26] . The side chains of G5−G8 were abundant with G6 becoming more abundant and the side chains growing longer as the culture time extended (Fig. 6G) . The overall pattern for side chains longer than G13 was kept unchanged during the course of growth. Glycogen was also extracted from the WT, malP − , and malQ − cultures in HI or M9 minimal broth that was supplemented with 1% (w/v) glucose or maltodextrin at the 6 h of cultivation and incubated further for 9 h. The glycogen samples were treated with isoamylase and subjected to HPAEC analysis (Fig. 7) . Glycogen samples from V. vulnificus WT cultured in the media supplemented with glucose had more side chains of G6, while those from the media with excessive maltodextrin had side chains of G4 and G5 slightly more abundant than G6. These data implied that glycogen structure might be modulated according to available carbon source. As mentioned in the above analysis, the mutants not only accumulated less glycogen than wild type but also the side chains released from the molecules were very limited. Especially, glycogen extracted from the malP − and malQ − cultures supplemented with maltodextrin did not exhibited detectable side chains under the conditions for the analysis. On the other hand, glycogen molecules from the mutants showed side chain length distribution similar to those of wild type, when they were extracted from the cultures supplemented with excessive glucose. These data suggested that malP and malQ were indeed involved in glycogen synthesis and modulation of the structure when the bacterium faced excessive maltodextrin in the cell. The malQ mutant accumulated much less glycogen than WT in M9 minimal medium supplemented with glucose or in HI broth supplemented with mlatodextrin, but accumulated glycogen in amounts similar to those of malP − under the conditions. However, the two glycogen samples extracted from malQ − released very little side chains, which might indicate that the molecules did not have much side chains. Therefore, MalQ might affect both pathways of glycogen synthesis and be responsible for disproportionation reactions to provide dextrins to form side chains. Glycogen side chain length of E. coli has been reported to be longer than that of V. vulnificus with major chain length of G12 when the bacteria was cultured in broth supplemented with maltodextrin as a carbon source [21] . The range of side chains was much wider in E. coli (G3− G25) than V. vulnificus (G4~<G20). In B. subtilis, the , and malQ − strains were cultured in HI or M9 minimal broth supplemented with additional 1% (w/v) glucose (Glu) or maltodextrin (Mdx) at the 6 h and cultured further for 9 h before collected for glycogen extraction. The glycogen samples were treated with isoamylase before they were subjected to HPAEC. pattern of side chain length distribution of glycogen was similar to that of V. vulnificus in that G4 or G6 being most abundant [26] . However, side chain length distribution of glycogen form B. subtilis (G3~>G30) was wider than that of V. vulnificus. However, glycogen in B. subtilis could be detected only when the glg operon was overexpressed in the cell [26] . Glycogen reserve in B. subtilis was reported that they were used as the energy source for sporulation of Bacilli, a terminal decision to survive [29] . The pattern of side chain length distribution was observed to be maintained in V. vulnificus as time passed and more glycogen was accumulated (between 8 and 12 h; Fig. 6D−E) . However, the structure of glycogen in B. subtilis began to be changed due to degradation of glycogen in cultures older than 10 h [26] . These results implied that V. vulnificus would have good chance to survive under starvation conditions (probably outside the hosts), utilizing glycogen reserve as the carbon and energy source. This is supported by previous reports that bacteria having highly branched glycogen with short chain lengths (G7−G9) would degrade it more slowly than those having glycogen with longer chain lengths (G12−15) [30−32] . Recent studies on the relationship between the structure of glycogen and bacterial durability also have revealed that ACL of glycogen could affect the degradation rate of glycogen [12] . Bacteria that synthesized glycogen with short ACL had more α-1,6-glycosidic linkages, preventing glycogen from being degraded by glycogen debranching enzymes. V. vulnificus was also unique in its glycogen branching enzyme that transferred short side chains more efficiently than other bacterial glycogen branching enzymes and led to accumulation of highly branched glycogen with short side chains [33] .
Based on all the results obtained in this study, we propose that V. vulnificus might operate at least more than two pathways for the synthesis and degradation of glycogen depending on the following factors; nutritional conditions (i.e., carbon sources) during the growth and habitats (i.e., host or aquatic environment). Also, these might be coordinated with the structure of glycogen highly branched with short side chains, which was modulated by the unique genetic constitution and enzyme activity involved in the glycogen metabolism. A previous report on V. cholera showed that pathogenic strain accumulated more glycogen than non-pathogenic strains and had better chance to transmit successfully in a variety of environmental niches [8] . This was supported by a study on pathogenic E. coli, which reported that glycogen metabolism was significant for colonization in the murine intestine [34] . All these implied that glycogen metabolism might be regulated in coordinative modes with various response systems to survive and transmit in nature such as pathogenesis. In order to elucidate unique glycogen metabolism and its regulation in V. vulnificus, further studies on the genes involved glycogen metabolism need to be carried out and they would provide a good model for the role of glycogen in transmission and pathogenicity of bacteria.
